Polymer-infiltrated ceramic shows slightly higher fracture load values than does feldspathic ceramic when used on zirconia. 8 Zirconia implants are currently offered as 1-piece devices. Therefore, a restoration has to be cemented directly on the implant. The choice of the cement connecting crown and implant greatly relies on the restorative material used. For silica and polymer-infiltrated ceramics, cements with a high compressive strength such as adhesive resin cements are recommended to increase the fracture load of the system. [8] [9] [10] [11] [12] Fracture load values of oxide ceramics are not influenced by cement type. 12 However, cementation of oxide ceramic restorations with resin-based materials can improve their marginal adaptation. 10 The application of 10-methacryloyloxydecyl dihydrogen phosphate (MDP)-containing bonding agents can increase bond strength to zirconia [13] [14] [15] [16] [17] [18] because of an interaction between the hydroxyl groups of MDP and the cationic surface of zirconia. 19, 20 Establishing a microretentive structure on zirconia is difficult because zirconia, with its high crystalline content without any silica phase, is resistant to hydrofluoric acid etching. 21 The effect of silanization on establishing a chemical bond between the hydrophilic zirconia surface and the hydrophobic resin cement remains controversial. 13, [21] [22] [23] [24] [25] Bond strength is measured using various methods each using macro-or microspecimens: shear tests, tensile tests, or push-out tests. [26] [27] [28] The bond strength of resin cements to zirconia varies significantly according to the test design. 26, 28 The variability in results among these testing methods makes it difficult to establish a correlation between laboratory data and the clinical performance of tested materials. [29] [30] [31] [32] A more clinically related method of testing the retention capability of dental cement is the crown retention test design, where crowns are cemented under a defined load and pulled off in an axial direction after the cement has set. [33] [34] [35] [36] Thus, the purpose of this study was to evaluate the retention of polymer-infiltrated ceramic crowns on zirconia implants using a wide range of commercially available cement types. The interaction between the tensile retention and the shear bond strength of cements to zirconia, as well as their diametral tensile strengths, were evaluated. The effect of manufacturer-specific ceramic primer surface treatments on retention forces and shear bond strengths were additionally tested. The 5 hypotheses were that retention forces are higher for adhesive and self-adhesive cement than for interim cements; that the application of primer on the crown and implant abutment increases retention forces; that shear bond strength of adhesive and self-adhesive cements to zirconia is higher than for interim cements; that the application of primer on the zirconia surface increases the shear bond strength; and that diametral tensile strength of the cements differs significantly.
MATERIAL AND METHODS
For the retention test, 100 zirconia implants (ceramic.implant CI, vitaclinical; Vita Zahnfabrik) 4.5 mm in diameter were used. The roughness of the abutment surface was R a =0.42 ±0.06 mm (n=3) (T1000/TKK50, Hommelwerke). The endosseous portions of the implants were embedded in epoxy resin (Araldite, RenCast CW20/Ren HY49; Bodo Müller Chemie) according to ISO 14801:2016 Dentistry-Implants-Dynamic loading test for endosseous dental implants. All implants had an endosseous length of 10 mm and were inserted with a 3 mm clearance between the implant neck and resin surface.
One implant was scanned with an optical scanner (inEos Blue; Dentsply Sirona). A mandibular right first molar crown was designed (inLab SW4.0; Dentsply Sirona). One hundred polymer-infiltrated ceramic crowns (Vita Enamic; Vita Zahnfabrik) were milled (inLab MCXL; Dentsply Sirona). All crowns and implants were cleaned in a 96% ethanol ultrasonic bath for 4 minutes (TPC-15; Telsonic). The intaglio surface of each crown was etched with hydrofluoric acid (Ceramics Etch; Vita Zahnfabrik) for 60 seconds. Sixty-five crowns were cemented on the implants using 13 different cements according to the manufacturers' recommendations (Table 1 ) (n=5). The cements were selected to cover a wide range of cement classifications, compositions, and manufacturers. Additionally, 35 crowns were cemented on implants with adhesive cements MLI, MLA, VAF, PF2, and PV5 and 1 self-adhesive cement with MDP (PSA) using ceramic primer on the intaglio surface of the crown and implant abutment (MLI, MLA: Monobond plus, Ivoclar Vivadent AG; RUL: Scotchbond Universal, 3M ESPE; VAF: Vita Adiva Zr-Prime, Vita; PSA, PF2, PV5: Clearfil Ceramic Primer, Kuraray) (n=5).
The crowns were filled with cement, placed on the implants, and loaded with 25 N for 10 minutes at room temperature. They were not light polymerized; all materials were allowed to autopolymerize. Excess cement was eliminated using foam pellets. After the cementation process, the specimens were stored in distilled water at 37 C for 24 hours. The crown retention testing was performed using a universal testing machine (Z020;
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Self-adhesive and adhesive composite resin cements with only slight bonding capabilities to zirconia still achieve high crown retention. The use of a primer on the implant abutment affected the retention force of the crown only for Panavia SA.
Zwick/Roell) at a crosshead speed of 1 mm/min in a custom specimen holder (Fig. 1) . The tensile crown retention force was recorded (textXpert v2.2; Zwick/ Roell). Fracture patterns of the crowns were evaluated by a single individual (N.R.) and were classified as Type 0 (no fracture), Type 1 (small fracture at the cervical portion), Type 2 (crown completely separated through the cervical portion), and Type 3 (top portion of the crown separating, leaving the cervical portion adhering to the implant surface) (Fig. 2) . The shear bond strength to sections of polished, embedded zirconia (Vita YZ; Vita Zahnfabrik) was measured for all cements ( Table 1 ). The zirconia surface was polished in steps, down to 3-mm diamond paste (R a =0.04 ±0.02 mm, n=3) to test the chemical bond of the cements to zirconia. The procedure of the Swiss shear test was used. [37] [38] [39] Shear bond strength testing was performed for MLI, MLA, VAF, RUL, PSA, PF2, and PV5 cements with and without application of the respective ceramic primer. Six specimens were used for each test group. The zirconia specimens were fixed in a customized holding device. An acrylic resin cylinder (D+R Tec) with an inner diameter of 2.9 mm and height of 5 mm was fastened vertically on the zirconia surface. Cement was applied through the opening of the cylinder onto the surface. The cement was compressed with a headless steel screw with a force of 1 N. The cement was allowed to autopolymerize at room temperature. After 10 minutes, the specimens were removed from the holding device and stored in 37 C water for 24 hours. Downward vertical shear bond strength testing with a concave surface was performed at a crosshead speed of 1 mm/min using a universal testing machine (Z010; Zwick/Roell). The force at fracture was recorded (textXpert v2.2; Zwick/ Roell). After the strength measurements, the zirconia surfaces were polished and reused for the subsequent test series.
The diametral tensile strength of all the cements was measured with cylindrical test specimens (3 mm in height and diameter) (n=10), made in Teflon molds. The cement was placed into the respective cavities of the Teflon mold and kept in place with a plastic foil and a glass plate on each side. After 1 hour's storage in distilled water at 37 C, the specimens were carefully removed from the mold and stored in water at 37 C for another 24 hours. The specimens were allowed to autopolymerize at room temperature. The specimens were loaded perpendicular to the cylinder axis until fracture at a crosshead speed of 1 mm/min (Z020; Zwick/Roell). The following equation was used to calculate diametral tensile strength: 40 s t =2F=pdh; (1) where s t is the diametral tensile strength (MPa), F the fracture load (N), d the specimen diameter, and h the specimen height (mm).
Data from each test parameter were tested for normality by the Shapiro-Wilk test. Statistical analysis was performed by 1-and 2-way (hypotheses 2, 4) analysis of variance (ANOVA) followed by post hoc comparison with the Fisher LSD test to determine differences between the retention force groups (a=.05).
RESULTS
The results for crown retention of all 13 cements on zirconia implants are displayed in Table 2 . The retention force values were significantly influenced by the cement type applied (F(12)=84.6, P<.001). The observed fracture patterns (Fig. 2) for the different cements are presented in Table 2 . No damage occurred to crowns cemented using HIS, TBO, or KEC (Type 0 failure). For MLI, MLA, VAF, RUL, and PV5, only small fractures at the cervical part of the crown were noted (Type 1 failure). Type 2 crown fractures were noted for PC2, RUN, PSA, and PF2 cements. For P21 cement, the top of the crown fractured while the cervical part remained on the implant (Type 3 Statistically similar groups within 1 testing method marked in same column with superscript uppercase letters and same row in superscript lowercase letters.
failure). Cement was found to adhere mainly to the polymer-infiltrated ceramic site, except small particles that remained on the implant abutment retention grooves for some composite resin cements (MLI, MLA, VAF, PC2, RUN, RUL, PSA, PF2, and PV5). Residual cement material for HIS, TBO, and KEC could be easily removed from the intaglio of the crown. For P21 cement, cement residue was observed on the abutment and on the polymer-infiltrated ceramic. The retention force of crowns cemented with PSA was significantly increased when ceramic primer was applied on implant abutment and crown surfaces (Table 2) , although 2-way ANOVA revealed no effect of the cement (F(6)=2.5, P=.145) or the use of primer (F(1)=3.6, P=.117) on the retention of the crowns. The change in crown retention strength when using ceramic primer with MLI, MLA, VAF, RUL, PF2, and PV5 was not statistically significant (P>.05) compared with those without the primer. Fracture patterns for RUL, PSA, and PF2 were similar to values obtained without ceramic primer. With application of ceramic primer, the fracture patterns of MLI, MLA, VAF, and PV5 cements shifted from Type 1 to Type 2 failure.
For all specimens, adhesive failures occurred during the shear test (Table 2) . Shear bond strength values differed significantly between the cements (F(12)=60.4, P<.001). The application of ceramic primer significantly increased the shear bond strength of MLI, MLA, VAF, PSA, and PV5 but not of RUL or PF2. The 2-way ANOVA revealed no significant effect of the cement (F(6)=3.2, P=.093) but of the primer (F(1)=18.1, P=.005). The results of the diametral tensile strength test differed significantly from each other (F(12)=273.8, P<.001) and are listed in Table 2 .
A correlation between the retention force of the cemented, polymer-infiltrated ceramic crowns and the shear bond strength of the corresponding cements to zirconia is displayed in Fig. 3 . Adhesive and self-adhesive composite resin cements with a shear bond strength to zirconia below 5.3 MPa are demarcated as blue circles in Fig. 3 and are located along a slightly increasing horizontal line. Statistically, no difference (P>.05) was found among the retention force values within this group when the post hoc test was used, except for PV5 with primer compared with RUL with primer. Adhesive and selfadhesive composite resin cements with higher shear bond strength values are provided as orange circles in Fig. 3 . Their fracture pattern revealed an increasing retention force. These cements are aligned according to a polynomial function, generating a maximum value near 600 N. Interim cements are identified as gray circles in Fig. 3 . With increasing shear bond strength, values in this cement category approach the retention force values of adhesive and self-adhesive composite resin cements. No correlation was found between diametral tensile strength and retention force.
DISCUSSION
The first hypothesis that retention forces are higher for adhesive and self-adhesive cement than for interim cements was confirmed. The second hypothesis that the application of primer on the crown and implant abutment increases retention forces was only confirmed for the self-adhesive cement PSA but rejected for all adhesive cements. That shear bond strength of adhesive and self-adhesive cements to zirconia is higher than for interim cements was confirmed. That the application of primer on the zirconia surface increases the shear bond strength was only confirmed for MLI, MLA, VAF, PSA, and PV5. Because the diametral tensile strength varied significantly, the final hypothesis was also confirmed.
Although it is difficult to achieve a sufficient bond to zirconia, 21 the evaluated composite resin cements (MLI, MLA, VAF, PC2, RUN, RUL, PSA, PF2, PV5, and P21) displayed retention forces from 222 ±156 N (MLA) to 605 ±82 N (P21). Cements PC2, RUN, RUL, PSA, PF2, and P21 contain methacrylate monomers with phosphate groups, which are able to bond slightly to zirconia by phosphate groups. 32 The cements MLI, MLA, VAF, and PV5 lack monomers with phosphate groups, although this did not significantly affect crown retention force, which might be due to a mechanical retention in the undercuts of the abutment or a tight fit of the polymerized cement layer on the abutment that may lead to a vacuum effect. Glass ionomer (KEC) and zinc oxide (TBO) cements are based on carboxyl groups, which provide weak bonds to zirconia. Therefore, these values were lower than those obtained using self-adhesive or adhesive composite resin cements (TBO, 127 ±15; KEC, 196 ±33 N). The interim cement (HIS) demonstrated the lowest retention forces, possibly explained by the lack of any bonding agents, such as phosphate or carboxyl groups, in its composition. The results confirm previous findings with lithium disilicate crowns cemented to zirconia abutments, where P21 also revealed higher retention strength than RUN or KEC. 36 The fracture patterns of the crowns were more pronounced with higher retention force. Especially high damage to the crowns was noted when using P21 (Type 3), which also attained the highest retention force values (605 ±82 N). No damage was found on crowns that were removed with a retention force below 200 N. Small cervical chipping fractures (Type 1) were recorded for removal forces between 200 and 250 N, and a separation of the crown at the cervical area (Type 2) occurred when forces were between 250 and 500 N. Crown fractures indicate that the crown material was weaker than the bond strength of the cement. Hence, the fracture load values of the crowns cemented with self-adhesive or adhesive composite resin cements were all above 200 N. These cements provide acceptable bond strengths using this test arrangement. Because the composite resin cement was mainly attached to the polymer-infiltrated crown material after testing, it can be concluded that for composite resin cements, primarily the bond to zirconia was evaluated in this test setup.
The application of primer on crowns and abutments increased retention forces only for PSA. The Clearfil Ceramic Primer applied for PSA contains MDP and silane, which were responsible for increasing the retention force by forming strong chemical bonds. For VAF and PV5 cements, the application of primer did not significantly increase retention force. The MDP component in the primer provides a rather low pH that might inhibit cement polymerization. A buffer in the cement may be necessary to eliminate this disadvantage. An increase in retention force with ceramic primer application, which was not statistically different, was found for PF2, which contains MDP and hydrophilic aliphatic dimethacrylate. Therefore, a strong bond was already achieved without application of a ceramic primer. However, an increase in retention force for PF2 with a different primer treatment (PRIME plus; Bisco Inc) was recorded in another study, where zirconia crowns on zirconia abutments were tested. 34 The primer applied contained organophosphate and a carboxylic acid monomer that may have interacted with the zirconia surface more so than hydroxyl groups. 34 The highest shear bond strength was recorded for PF2 and P21, confirming results found in another study. 18 PSA, PF2, and P21 contain MDP. Phosphate-ester groups of this monomer are initially able to form a strong bond to zirconia. 20 PF2 and P21 additionally contain a hydrophilic aliphatic dimethacrylate that may have added to their high bond strength. Because the chemical bond of MDP to zirconia partially degrades over months, 15, 41 in future studies, retention should be investigated after aging.
The application of primer increased the shear bond strength values significantly for MLI, MLA, VAF, PSA, and PV5. For MLI and MLA, Monobond plus was applied, which contains a silane. The silane monomer is intended to form a chemical bond between hydrophilic zirconia and hydrophobic monomers of the cement. According to the shear bond test, a chemical bond was formed. However, it did not contribute to the retention force of these cements. For the application of Scotchbond Universal with RUL, neither the retention force nor the shear bond strength was significantly affected by the applied adhesive. Although Scotchbond universal contains silane, a significantly increased bond strength to glass was found when a silane coupling agent was applied on the surface before Scotchbond placement. 42 The present study also supports these findings 42 of insufficient effectiveness of the silane incorporated in the Scotchbond Universal adhesive. In contrast, the Clearfil Ceramic Primer that was applied for PSA, PV5, and Vita Adiva Zr-Prime for VAF contains MDP and silane, which increases the bonding capabilities to zirconia. 20 The diametral tensile strengths of the cements did not seem to influence the retention mechanism.
When crowns are cemented on an implant, 3 mechanisms are responsible for their retention, besides preparation form and crown fit. First, the rough surfaces of crowns and implants provide microretentive undercuts for the cement, thus causing mechanical interlocking. Second, a tight fit of the cement layer on the abutment and the intaglio surface of the crown may lead to a vacuum that has to be overcome in order to remove the crown. Third, a chemical bond to the ceramic can be achieved over hydroxyl groups 34 or phosphate groups. 17, 20 Bonding to silicate ceramics by etching with hydrofluoric acid leading to an increase in surface area is considered standard procedure in dentistry. 27, 43 Establishing a microretentive structure on zirconia is difficult because of its resistance to hydrofluoric acid. 21 As a result, special monomers that are able to bond with zirconia such as MDP have been developed to achieve a strong chemical bond.
The chemical bond between cement and implant was evaluated using the shear bond test design. When correlating the results of the retention force test of the crowns to the shear bond strength, 3 groups were formed. First, interim cement (HIS, TBO) and glass ionomer cement (KEC) provide retention force values below 200 MPa to zirconia. Because these cements revealed low diametral tensile strengths, the cement can be considered the weakest factor of the reconstruction when the retention of the crowns is tested. Therefore, the cement is crushed during removal of the crown, reducing the vacuum effect. Retention force increased with the increasing shear bond strength of the cements. For this group, no damage was detected on the crowns.
Self-adhesive and adhesive composite resin cements with good bonding capabilities to polymer-infiltrated ceramic and a weak bond to zirconia represent the second group. For these cements, higher forces of 220 to 290 N had to be applied to remove the crown, causing small crown fractures (type 1 and 2). The shear bond strength values and therefore the chemical bond for these cements varied between 0.0 and 5.3 MPa, although retention force values of the crowns were within a small range of 220 to 290 N. The strong bond to the etched polymer-infiltrated ceramic 28 of self-adhesive and adhesive composite resin cements means that a higher vacuum effect is necessary to remove the crown. The vacuum effect that has to be eliminated is higher than the bonding force to zirconia for these cements, hence their retention force values are similar, regardless of their chemical bonding capabilities.
The third group is represented by cements with high bonding capabilities to polymer-infiltrated ceramic and zirconia because of the cement properties themselves or the additional primer application. All of the cements in these groups form their bond to zirconia over MDP. The shear bond strength to zirconia for these cements is above 5.3 MPa. Because the chemical bond to zirconia in this group is higher than the vacuum effect necessary to remove the crown, retention force values for these cements also start to increase with the shear bond strength.
The correlation between shear bond strength and crown retention force implies that a single shear bond strength test is not sufficient to estimate the clinical performance of dental cement. A crown retention test provides more information on the interaction between mechanical and chemical properties. Although the retention forces of crowns cemented with adhesive materials maintained by vacuum effect provided sufficient bond strength, the effect of aging and cyclic loading on the vacuum effect has to be further investigated. Clinical tests, or a cyclic loading approach, may demonstrate whether crowns that mainly adhere to the implant by vacuum effect can endure multidirectional chewing forces. In a clinical study 6 no debonding of the crowns cemented to zirconia implants using RUN were reported.
The present study investigated axial retention forces. In the oral environment, load transmission is far more complex, and further effects such as humidity and thermal stress affect the bonding to zirconia. 15, 41 The results of the present study should therefore be interpreted with caution. Nevertheless, the results provide a better understanding of how the bonding performance of the cement influences the crown retention force.
CONCLUSIONS
Within the limitations imposed by the current study, the following conclusions were drawn:
1. Retention forces were higher for adhesive and selfadhesive cement than for interim cements. 2. The application of primer on the crown and implant abutment increased retention forces only for 1 selfadhesive cement (Panavia SA). 3. The shear bond strength of adhesive and selfadhesive cements to zirconia was not generally higher than for interim cements. 4. The application of primer on the zirconia surface increased the shear bond strength for the selfadhesive cement Panavia SA and the adhesive cements Multilink Implant, Multilink Automix, Vita Adiva F-Cem, and Panavia V5. 5. The diametral tensile strength varied significantly among the cements.
